We tested the hypothesis that excess saturated fat consumption during pregnancy, lactation, and/or postweaning alters the expression of genes mediating hippocampal synaptic efficacy and impairs spatial learning and memory in adulthood. Dams were fed control chow or a diet high in saturated fat before mating, during pregnancy, and into lactation. Offspring were weaned to either standard chow or a diet high in saturated fat. The Morris Water Maze was used to evaluate spatial learning and memory. Open field testing was used to evaluate motor activity. Hippocampal gene expression in adult males was measured using RT-PCR and ELISA. Offspring from high fat-fed dams took longer, swam farther, and faster to try and find the hidden platform during the 5-day learning period. Control offspring consuming standard chow spent the most time in memory quadrant during the probe test. Offspring from high fat-fed dams consuming excess saturated fat spent the least. The levels of mRNA and protein for brain-derived neurotrophic factor and activity-regulated cytoskeletal-associated protein were significantly decreased by maternal diet effects. Nerve growth factor mRNA and protein levels were significantly reduced in response to both maternal and postweaning high-fat diets. Expression levels for the N-methyl-D-aspartate receptor (NMDA) receptor subunit NR2B as well as synaptophysin were significantly decreased in response to both maternal and postweaning diets. Synaptotagmin was significantly increased in offspring from high fat-fed dams. These data support the hypothesis that exposure to excess saturated fat during hippocampal development is associated with complex patterns of gene expression and deficits in learning and memory.
EPIDEMIOLOGICAL STUDIES show that in the last two to three decades, more than 60% of women of child-bearing age in the United States are overweight or obese (16) , and if the trend continues, 86.3% of adults will be obese by 2030 (55) . Recent studies show that adult rats maintained on a diet high in saturated fat became obese and had learning impairments (18, 30, 33, 46, 57) . A reduced capacity for neurogenesis has also been associated with impaired hippocampal-dependent spatial learning in animals fed a diet high in saturated fat (23, 31, 47, 59) ; however, the effects of saturated fat diets during gestation and lactation are just beginning to be reported (49) .
Our study explores the effects of a diet high in saturated fat during this vulnerable period of early development. The last week of gestation and the first 2 wk of postnatal development encompass a critical period for hippocampal neurogenesis in the rat (1) . Moreover, we examined the effects of excess saturated fats in the postweaning diet. Although numerous reports support the notion that neurogenesis is dependent on brain-derived neurotrophic factor (BDNF), it is likely that neurotrophins such as nerve growth factor (NGF) are also involved. In addition, the expression of BDNF-induced activity-regulated cytoskeletal-associated protein (Arc), which is required for consolidation of synaptic plasticity and long-term memory formation, would be a prime candidate for changes in synaptic function.
We hypothesized that exposure to excess saturated fat during distinct developmental time periods would impact hippocampal functions such as learning and memory. To investigate this possibility, we manipulated the amount of saturated fat in the maternal and postweaning diets and assessed their impact on learning and memory functions in offspring using the Morris Water Maze (MWM). Locomoter activity was also evaluated using the open field test (OFT). We then measured the expression of key hippocampal genes coding for Arc, BDNF, and NGF. Expression of genes coding for the presynaptic vesicular proteins, synaptophysin, and synaptotagmin, as well as those coding for NR2A and NR2B, the major subunits of the hippocampal glutamate N-methyl-D-aspartate receptor (NMDA) receptor channel (NMDAR), were also analyzed.
MATERIALS AND METHODS

Animals and Tissue Collection
Twenty-four Sprague-Dawley dams (Hilltop Laboratories) were split into two nutritional groups as described previously (34) . Twelve of the dams were placed on standard rat chow providing 3.85 kcal/g dry wt, 19.2 g/100 g protein, 67.3 g/100 g carbohydrate, and 4.3 g/100 g saturated fat (10 kcal% fat D12450B; Research Diets, New Brunswick, NJ). The remaining twelve dams were fed a high-fat diet providing 4.73 kcal/g dry wt, 24 g/100 g protein, 24 g/100 g carbohydrate, and 41 g/100 g saturated fat mostly in the form of lard (45 kcal% fat D12451, Research Diets) for 1 mo before mating. Pregnant dams were housed singly and continued on their specified diets. At birth, litters were culled to 10 offspring per dam to standardize lactational demands. At weaning, four male offspring were chosen at random from each of the 12 control dams and split into two nutritional groups: 1) two male offspring from each of the 12 control dams (C) were weaned to standard chow (C) diet (CC, n ϭ 12), and 2) the other two offspring from each control dam (C) were weaned to a 45 kcal% saturated high-fat (HF) diet (CHF, n ϭ 12). Four male offspring from each dam fed a HF diet were also split into two nutritional groups at weaning: 3) two of the four offspring from each of the 12 HF-fed dams (HF) were weaned to standard chow (C) diet (HFC, n ϭ 12), and 4) the remaining two male offspring from each HF-fed dam (HF) were weaned to the high-fat (F) diet (HFF; n ϭ 12). All offspring were continued on their respective diets into adulthood, and at 110 -118 days of age, adult males from each experimental treatment were separated by litter (n ϭ 12) and tested for spatial learning and memory using the MWM test. The animals were also evaluated for locomotor activity using the OFT. After the behavior testing was complete, all animals were fasted for 24 h and euthanized in a staggered fashion (CC, CHF, HFC, HFF, repeat) during the morning phase of the circadian cycle (between 800 and 1000 h). Trunk blood was immediately drained into serum collection tubes containing gel activator, and the right and left whole hippocampi were rapidly dissected and frozen using liquid nitrogen. Gonadal and retroperitoneal fat pads were excised and weighed (visceral fat pads). These studies were conducted in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals, and all animal procedures have been reviewed and approved by the Animal Care and Use Committee of Bucknell University.
Behavioral Tests: Morris Water Maze and Locomotor Activity
Morris Water Maze. The MWM tests spatial learning and memory in rodents (32) . The test is an 8-day experiment. Days 1-5 constitute the spatial learning component and day 8 constitutes the memory component. Each day the rat is placed in a randomly chosen starting coordinate in a black tank filled with 23.5 cm of 19 -22°C water. The waterline is 4 cm above a submerged platform placed in the northwest region, and several shapes serve as background cues for spatial localization (54) . The time each rat takes to find the platform within a 2-min period is measured as the latency time. If the rat does not find the platform within 2 min, the experimenter places the rat back on the platform, and after 15 s the rat is placed in the next randomly chosen coordinate. This sequence is repeated 4 times in succession and the escape latency is averaged across all 4 trials per day. During days 6 and 7 rats do not undergo testing. Testing on day 8 is used to assess the animal's reference memory component and is often called the probe test. For this test, the platform is removed and only one trial conducted. Each rat is placed in a predetermined starting coordinate for 60 s and the amount of time spent in the original target zone recorded using ANYmaze tracking (Stoelting, Wood Dale, IL).
Locomotor activity. Locomotor activity was measured using the OFT. Each rat was acclimated in the holding room for 1 h before testing and then placed in the center of an open field arena (100 cm ϫ 100 cm ϫ 40 cm). The illuminance in the open field arena was ϳ160 lϫ. Animals were allowed to remain in the apparatus for 5 min. The activity of each animal was videotaped using the AnyMaze tracking system during this time yielding the following meaures: duration of time in center and in periphery of the test arena, distance traveled, locomotor speed, immobile episodes, and immobility time. The OFT apparatus was cleaned with 50% ethanol between each animal.
RNA Isolation and RT-PCR
Total RNA was isolated and target genes were amplified using the thermocycling program and controls previously described (34) . Primers were constructed using the NCBI online database (http:// www.ncbi.nlm.nih.gov), and sequence specificity of each primer pair (Table 1) was confirmed using BLAST (http://www.ncbi.nlm.nih.gov/ BLAST/Blast.cgi). All primers were from MWG Oligo Synthesis (High Point, NC). Efficiency of the primers was determined and gel electrophoresis was conducted on primers to exclude those with DNA contamination. In each sample, the gene of interest was coamplified with a standard housekeeping gene 18S ribosomal RNA. Before the experimental plates were analyzed, real-time PCR control plates were run for each primer pair: double-distilled H 2O was substituted for cDNA to verify that exogenous DNA was not present, and 2 g of isolated total RNA was substituted for cDNA in the PCR reaction to rule out genomic DNA contaminants. Both negative controls showed no amplification even after 35 cycles. The following genes were amplified from hippocampal-derived cDNA: Arc, BDNF, NGF, glutamate NMDAR subunits (NR2A and NR2B), synaptophysin, and synaptotagmin. The difference in cycle thresholds was evaluated as described previously (34) . In short, each sample was run in triplicate, and averaged triplicates were used to assign cycle threshold (C T) values. These CT values were normalized by subtracting them from the CT values for the 18S targets coamplified with each sample (dCT). There were no statistical differences in 18S CT values across different groups (data not shown). The mean dCT value per amplified gene target for the CC group was subtracted from itself to set the difference (ddC T) to 0 and the 2 ddCT to 1. The mean dCT values for each of the other three groups were then subtracted from the dCT for the CC group such that the difference in ddCT values would be set relative to the CC group. The ddCT values were then calculated as powers of 2 (2 ddCT ) to account for the exponential doubling of the polymerase chain reaction so that the CC group with its ddCT ϭ 0 would always be one arbitrary unit.
Analysis of BDNF, NGF, and Arc Protein Levels in Hippocampus
Rapidly dissected whole hippocampi were immediately frozen using liquid nitrogen and kept at Ϫ80°C until use. Tissue lysates for ELISA analysis were prepared according to the manufacturer's protocol (My Biosource, San Diego, CA). Ice-cold homogenate was centrifuged (15 min at 10,000 g, 4°C), and supernatant was removed. Protein concentrations of the supernatant were quantified using the Bradford method (7). The target, BDNF, NGF, or Arc protein concentrations in the supernatant were analyzed using the ELISA kits according to manufacturer's instructions (My Biosource). Target protein concentration (pg/ml) was normalized using total protein concentrations of the supernatants (pg target/mg protein).
Serum Analysis: Corticosterone and Glucose
Trunk blood samples were centrifuged at 1,500 g for 5 min at 4°C in serum collection tubes (VWR Scientific, Bridgeport, NJ). Serum aliquots were stored at Ϫ20°C for analysis using radioimmunoassay. Corticosterone (CORT, DSLabs, Webster, TX) was measured according to manufacturer's protocols. Glucose was measured using a glucose monitoring system (TheraSense, Alameda, CA).
Statistical Analysis
Results from the MWM testing were evaluated using a two-way ANOVA (maternal diet ϫ postweaning diet) with repeated measures (Time). Data from the MWM probe test or hippocampal gene expression were compared using two-way ANOVA (maternal diet ϫ postweaning diet). Multiple comparisons were made using Bonferroni post hoc analysis. (SPSS, statistical analysis software, Chicago, IL). A P Ͻ 0.05 was considered statistically significant.
RESULTS
Behavioral Performance
All animals became increasingly adept at finding the hidden platform and displaying spatial memory acquisition (Fig. 1A ) since there was a significant decrease in escape latency during the days of training [effect of days; F (3, 63) ϭ 152.35, P Ͻ 0.001]. However, the offspring from the HF-fed dams took much longer to find the platform during the learning phase indicating that the maternal diet significantly reduced their capacity for spatial learning [maternal diet effect: F (3,63) ϭ 20.89, P Ͻ 0.00]. Moreover, a significant interaction occurred between the two factors [maternal diet ϫ days; F (3,63) ϭ 3.45, P ϭ 0.009] since all animals decreased latency time over 5 days.
Distance traveled or swimming distance required for locating the platform was also reduced for all animals over the training period [ Fig. 1B , effect of days; F (3, 63) ϭ 117.43, P Ͻ 0.001]. However, adult offspring exposed to a maternal diet high in saturated fat traveled a greater distance to find the platform compared with adult offspring from control dams [maternal diet effect; F (3, 63) On the third day after the MWM acquisition test was completed (day 8), the probe test was conducted to determine the animal's capacity for spatial memory retrieval (Fig. 2) . During the probe test the platform was removed from the pool while all other conditions remained the same. Animals that had been exposed to excess saturated fat during gestation and lactation spent significantly less time in the target zone [maternal diet effect; F (3,63) ϭ 4.54, P ϭ 0.037].
Increases in both distance traveled [maternal diet effect; F (3, 32) ϭ 5.59, P ϭ 0.025] and locomotor speed [maternal diet effect; F (3, 32) ϭ 4.29, P ϭ 0.05] were also detected in offspring from HF-fed dams using the OFT (Fig. 3, A and B) . The test did not indicate significant differences in exploratory behavior since there were no significant differences among the four groups in the amount of time spent in the center versus the periphery (Table 2) . However, the OFT did indicate that excess saturated fat in the postweaning diet was associated with a significant increase in the time spent immobile [postwean diet effect; F (3, 32) 
Body Weight Gain, Visceral Fat Pad Mass, Serum Glucose, and Corticosterone Levels
As summarized in Table 3 , a significant maternal ϫ postweaning diet interaction was detected for body weight [F (3, 47) ϭ 15.62, P Ͻ 0.04]. The interaction was further analyzed using multiple comparison testing, which showed that the HFF offspring were significantly heavier than any one of the other three groups (P Ͻ 0.001) and that both CHF and HFC offspring were heavier than CC offspring (P Ͻ0.001 and P Ͻ0.05, respectively). Adult weight of CHF and HFC offspring was not significantly different.
Visceral fat deposition (% fat) was also influenced by a maternal ϫ postweaning diet interaction [F (3, 47) ϭ 5.25, P ϭ 0.023], and multiple comparison testing showed that HFF offspring had largest visceral fat depots compared with the other three groups (P Ͻ 0.001). CHF animals had significantly more adipose compared with HFC or CC offspring (P Ͻ 0.001), and HFC animals deposited more fat compared with CC animals (P ϭ 0.05). Serum glucose was significantly increased in offspring from HF-fed dams compared with offspring from chow-fed dams [maternal diet effect; F (3, 47) ϭ 17.86, P Ͻ 0.001]; however, transitioning the HF offspring to a chow diet at weaning (HFC) was associated with a reduction in glucose level toward control values [postweaning diet effect; F (3, 47) ϭ 5.76, P Ͻ0.02] compared with the HFF group. The HFF group was hyperglycemic compared with the other three groups. In addition, serum CORT was significantly increased in HFC and HFF animals [maternal diet effect; F (3, 47) 
Collectively, these data indicate that HFF animals have significantly increased body weight, visceral fat pad deposition, hyperglycemia, and excess serum CORT. Differential changes in metabolic parameters were observed in the CHF as well as HFC animals suggesting that both maternal diet and the postweaning diet affect the development of neuroendocrine regulation. 
Effects of Maternal and Postweaning Saturated Fat Diets on Hippocampal Expression of BDNF, NGF, and Arc
Significant differences were detected in the relative levels of mRNA and protein isolated from whole hippocampi for two key neurotrophins: BDNF and NGF. Hippocampal BDNF mRNA and protein expression in offspring from HF-fed dams was significantly reduced [maternal diet effect; F (3, 47) ϭ 7.31, P Ͻ 0.01 and F (3, 39) ϭ 4.05; P ϭ 0.05, respectively] (Fig. 4, A  and B) . In contrast to the exclusive influence of the maternal diet on BDNF expression, a reduced mRNA level for NGF (Fig. 5A ) was detected in response to the presence of excess saturated fat in both the maternal [maternal diet effect; F (3, 39) The expression of Arc, an immediate-early gene product induced in response to BDNF, was also significantly decreased in the offspring from HF-fed dams. Both mRNA expression [maternal diet effect; F (3, 39) ϭ 6.07, P ϭ 0.003] and protein levels [maternal diet effect; F (3, 39) ϭ 10.75, P ϭ 0.003] were significantly reduced in response to maternal diet effects (Fig. 6, A and B) . No significant effects of the postweaning diet were detected. Figure 7A shows that hippocampal mRNA levels for synaptophysin are significantly reduced in offspring from dams fed a diet high in saturated fat [maternal diet effect; F (3, 47) (Fig. 7B) .
Effects of Maternal and Postweaning Saturated Fat Diets on the Expression of Key Genes Mediating Synaptic Vesicle Release in the Hippocampus
ϭ 4.32, P ϭ 0.044] and that expression is also susceptible to postweaning diet effects [postweaning diet effect; F (3,47) ϭ 11.12, P ϭ 0.002]. In contrast, synaptotagmin mRNA level was significantly elevated in HFF and HFC animals only [maternal diet effect, F (3,47) ϭ 7.89, P ϭ 0.007 and F (3,47) ϭ 4.63, P ϭ 0.043, respectively]
Effects of Maternal and Postweaning Saturated Fat Diets on NR2A and NR2B Expression, Key Subunits of NMDA Receptor Channels
We also measured mRNA levels for key subunits of the glutamate NMDA receptor (NR2A and NR2B). Expression of NR2A was not significantly different among the four groups, whereas the expression of NR2B was significantly reduced in response to both the maternal [maternal diet effect; F (3,65) ϭ 3.95; P ϭ 0.05] and the postweaning high-fat diet [postweaning diet effect: F (3,65) ϭ 9.74, P ϭ 0.003] (Fig. 8A) . Interestingly, a significant decrease in the ratio of NR2B/NR2A was associated with the maternal diet [maternal diet effect; F (3,65) ϭ 8.07, P ϭ 0.006]. Since we found no significant differences among the four groups for NR2A expression, reduction in this ratio indicates that availability of NR2B decreased relative to NR2A in adult offspring exposed to excess saturated fat during early brain development (Fig. 8B ).
DISCUSSION
We analyzed the effect of maternal and postweaning diets high in saturated fats on hippocampal-mediated cognitive function by measuring both the behavior and the expression of certain key mediators of synaptic plasticity in adult rat off- 
Values are means Ϯ SE. CC, control chow; CHF, control high-fat (HF); HFC, HF chow; HFF, HF high fat; CORT, corticosterone. Differences between groups (maternal diet and postweaning diet) were determined using two-way ANOVA. Significant differences detected using two-way ANOVA were further analyzed using multiple comparison tests and Bonferroni post hoc analysis. Values for offspring from chow-fed dams and high-fat fed dams weaned to 1) control diet (CC, HFC) or 2) high-fat diet (CHF, HFF) were compared. Means significantly different from controls are indicated as follows: *P Ͻ 0.05, †P Ͻ 0.001, ‡P Ͻ 0.01, NS, not significant. Values are means Ϯ SE. Differences between groups (maternal diet and postweaning diet) were determined using two-way ANOVA. Significant differences detected using two-way ANOVA were further analyzed using multiple comparison tests and Bonferroni post hoc analysis. Values for offspring from chow-fed dams and high-fat fed dams weaned to 1) control diet (CC, HFC) or 2) high-fat diet (CHF, HFF) were compared. Means significantly different from controls are indicated as follows: *P Ͻ 0.05, ‡P Ͻ 0.005. NS, not significant.
spring. Since synaptic formation in the hippocampus plays an important role in learning and memory function (11, 25) , the effects of dietary fats on the expression of genes coding for various synaptic proteins mediating synaptic plasticity is an important topic of inquiry. To gather information about brain development and its disruption following exposure to potential neurotoxins and to understand the mechanisms underlying specific hazards, it is essential to study the effects using animal models. The challenge remains to develop clinically relevant experimental models that allow extrapolation of data to the human. However, evolutionary and developmental biology shows that the timing and sequence of early events in brain development are conserved across mammals (15) , so that perturbations occurring during the critical periods of prenatal and early postnatal development in the life span are most accurate for making cross-species comparisons.
Our data show that adult male offspring from dams consuming excess saturated fat were significantly impaired during the spatial learning acquisition phase of the test. Although, all animals required less time to find the platform over the 5-day learning period, the adult offspring from the HF-fed dams (HFF and HFC groups) took significantly longer to find the platform, traveled farther, and exhibited an increased swimming speed. These deficits in spatial learning suggest that the transition from HF-fed dams to control chow at weaning did not compensate for perturbations rendered during the pre-and perinatal period. These same four groups of animals were also subjected to the probe test, a stage of the MWM that is used to measure consolidation and retrieval of memory. Exposure to excess saturated fat in the pre-and perinatal diet was associated with a significant reduction in the time spent near where the platform had been during the acquisition phase of the test. Increased distance and swimming speed were also detected in the offspring from HF-fed dams (data not shown), as was a significantly higher level of circulating CORT. It is possible that the increased CORT reflects HPA axis hyperactivity (42) , and that these animals are more anxious as has been shown by others. For example, a previous study showed that high-fat diet exposed adult male offspring from obese rat dams exhibited a significant increase in swimming speed during a modified MWM analysis and anxiety-like behavior using the elevatedplus-maze. Interestingly, the female offspring showed no significant change in anxiety levels and neither male nor female offspring from the high-fat diet groups in this study exhibited cognitive impairment (4).
In our study, a significant increase in distance traveled and speed of locomotor activity was detected in offspring from HF-fed dams using the OFT. These data suggest a heightened emotionality in the offspring from our HF-fed dams. A recent study using novel object recognition tests also found an increased anxiety-like behavior in offspring from nonhuman primate mothers consuming a typical "Western" diet containing 32% saturated fat (48) . Although this study found anxietylike behavior only in female offspring as a consequence of a maternal diet high in saturated fat, other studies, including the one cited earlier in this section (4) have detected an association between obesity and anxiety that is stronger in males than females (10, 39) . Recent research suggests that, regardless of gender, individuals who are overweight or obese are at a greater risk for emotional disorders such as anxiety and depression (43) . The OFT used in our study did not reveal changes in exploratory behavior since there were no significant differences among the four groups in the amount of time spent in the center versus the periphery. However, the OFT did indicate that excess saturated fat in the postwean diet was associated with a significant difference in the number of immobile episodes as well as time spent immobile in male offspring.
Since spatial learning and memory are dependent on changes in synaptic plasticity and dendritic spine maturation (11) , nutritional manipulations during development are likely to affect key neurotrophins and synaptic proteins which would mediate behavior. Our data support this hypothesis since the expression pattern of genes mediating synaptic plasticity as well as learning acquisition and memory retention for the four experimental groups were significantly altered by diet. We found that BDNF mRNA and protein expression was significantly decreased in offspring from HF-fed dams. Previous studies have shown that spatial learning is impaired and BDNF mRNA and protein levels were significantly reduced in adult Real-time RT-PCR was used to measure synaptophysin and synaptotagmin mRNA expression. Values are expressed in relative units with the CC group set to 1. Synaptophysin mRNA level was significantly reduced in offspring from dams fed a saturated-fat diet [maternal diet effect; F(3,47) ϭ 4.32, P ϭ 0.044] and expression was susceptible to the postweaning diet [postweaning diet effect; F(3,47) ϭ 11.12, P ϭ 0.002]. In contrast, synaptotagmin mRNA level in offspring from high fat-fed dams was significantly elevated [maternal effect, F(3,47) ϭ 7.89, P ϭ 0.007]. No significant postweaning diet effect was detected for synaptotagmin expression. Statistical differences were determined using two-way ANOVA for maternal diet (horizontal bracket) and postweaning diet (horizontal brace). Values are means Ϯ SE (n ϭ 10 for each group). **P Ͻ 0.01, *P Ͻ 0.05. rats following a 2-mo diet high in saturated fat (30, 58) , and these studies suggest that our CHF animals would have shared these impairments. However, they did not. A confounding difference is that in the Molteni study cited above (30) animals were exposed to a high-fat diet that was also high in carbohydrate for a short time in adulthood. This is a very different stage of brain development and function compared with postweaning and early brain development (44) , and it is important to note that excess circulating glucose impacts neuronal function (51) . In contrast, our study utilized a high-fat diet containing less carbohydrate than control chow, and our experimental groups were exposed to excess saturated fat in utero and during the first few weeks of life. This is a uniquely vulnerable time for neurogenesis since neuron maturation and differentiation peak between E13 and E16 (37) . Moreover, it is likely that the transition to a diet high in saturated fat immediately after weaning is markedly different from a 2-mo shortterm exposure in adulthood with regard to establishing compensatory adaptations to the excess saturated fat diet (52) . Other studies corroborate this since high-fat diets started after 8 wk of age did not elicit changes in hippocampal-dependent learning and memory (27, 28) .
Differences in timing and extent of exposure to saturated fats also influence neurogenesis in very different ways since maturation and differentiation of new neurons is tightly controlled by intricate epigenetic programs modulated by extrinsic physiological conditions (22) . For example, a previous study similar to ours did not show impaired acquisition of spatial learning but did show deficits in retention (56) . However, unlike our study, this investigation transitioned all pups from both HF-fed dams and chow-fed dams to a chow diet immediately after weaning and continued this diet until offspring were 5 wk old. At that time, offspring were separated into four groups and transitioned to the alternate diets (CC, CHF, HFC, and HFF). Moreover, the adult offspring from this study were only tested for 3 days during the acquisition phase and the retention test was conducted on day 4 without the minimum 24-h wait time before conducting the probe test (56) . It is possible that changes in the timing of developmental exposure to high-fat diets and the modification of the MWM protocol contribute to differences in recorded results (28) .
Dietary differences are also possible. For example, in one study, adult animals exposed to a diet high in saturated fat (41%) did not exhibit a reduction in BDNF expression and cognitive impairment until the composition of the diet was increased to 61% saturated fat (35) . In contrast, another study reported that a diet composed of 60% saturated fat was associated with cognitive enhancement during MWM testing (4). However, in the latter study, the protocol for the MWM was shortened to 2 days, with two sets of 5 trials/day separated by a 1-h return to the home cage, which is a significant change to the more traditional MWM protocols (32) .
Our study shows that in addition to behavioral changes and reduction in BDNF, NGF was also significantly decreased in offspring from HF-fed dams. However, unlike the dominant influence of the pre-and perinatal HF-diet on BDNF, expression of this growth factor was significantly influenced by both the maternal and the postweaning diets. Transitioning control offspring to a HF diet or offspring from HF-fed dams to a control diet at weaning modified expression of NGF to an intermediate value between relatively high levels in CC and significantly lower levels in HFF offspring. NGF has been shown to indirectly modulate neuronal plasticity via its distinct effects on cholinergic innervation of hippocampal and cortical targets (12) . It is likely that the observed behavior results from a complex interplay between growth factor expression and its impact on adult neuron maturation and differentiation in the hippocampus (14) .
Studies have also shown that two key synaptic vesicle membrane proteins, synaptophysin and synaptotagmin, play a critical role in synaptic function and plasticity (21) as well as associated behavioral and cognitive function (40, 60) . In our study, synaptotagmin expression was significantly increased in offspring from HF-fed dams. In contrast to the dominant effect of the pre-and perinatal HF-diet on synaptotagmin expression, both maternal and postweaning diets influenced expression of B: a significant decrease in the ratio of GluRN2B/GluRN2A was associated with maternal diet [maternal diet effect; F(3,47) ϭ 8.07, P ϭ 0.006]. The postweaning diet did not significantly influence subunit ratio. Statistical differences were determined using two-way ANOVA for maternal diet (horizontal bracket) and postweaning diet (horizontal brace). Values are means Ϯ SE (n ϭ 10 for each group). *P Ͻ 0.05; **P Ͻ 0.01.
synaptophysin. In HFF animals, synaptophysin was significantly decreased, whereas HFC and CHF animals expressed intermediate amounts of mRNA for this protein compared with the high level in control offspring (CC). Interestingly, it has been reported that chronic stress, which is known to be accompanied by high serum CORT levels in the rat, impairs learning and memory (41) . This impairment is accompanied by a significant decrease in hippocampal synaptophysin mRNA, whereas the expression of synaptotagmin is significantly increased (50) . This pattern of decreased synaptophysin and increased synaptotagmin is similar to our results and is associated with the increased CORT levels measured in offspring from our HF-fed dams. Our data suggest that a decrease in the synaptophysin-to-synaptotagmin ratio is associated with alterations in synaptic plasticity and impaired cognitive functions. CORT levels have also been shown to modulate glutamate NMDAR function and synaptic plasticity, especially in developing brains (53) . To further investigate the impact of excess saturated fats on synaptic plasticity, we analyzed the expression of two key subunits, NR2A and NR2B, which are integral to NMDAR function. Interestingly, BDNF, NMDAR activation, and Arc expression are all required for the structural and functional modifications that lead to long-lasting changes in synaptic efficacy, learning, and memory (8, 9) . In fact, NMDA receptor-mediated Arc expression is necessary for both the late phase of learning and memory consolidation (5) .
Recent findings suggest that critical determinants of synaptic plasticity include the opposing actions of NR2A and NR2B cytoplasmic tails on long-term potentiation (LTP) inducibility and that the ratio of NR2B to NR2A subunit expression is crucial for the outcome (17) . Changes in NMDAR subunit composition are expected to have important implications for NMDAR function, including changes in Ca 2ϩ influx through NMDARs and postsynaptic Ca 2ϩ dynamics, which underpin NMDAR-dependent forms of synaptic plasticity (20) . Interestingly, our data show that in addition to a reduction in NMDA receptor subunit type, NR2B, the ratio of NR2B/NR2A was significantly decreased in the offspring from the high-fat dams. Since no significant changes in NR2A expression were detected among the four groups, our data suggest that NR2B subunit availability was significantly reduced relative to the expression of NR2A particularly in the HFF animals. It is likely that the decreased NR2B subunit expression disrupts NMDAR function. Since NR2B subunit has been shown to be expressed early in embryonic development, whereas NR2A begins to be expressed postnatally (24) , the effects of a maternal saturated fat diet may preferentially affect NR2B and its availability compared with NR2A. Evidence suggests that the NMDAR and subunit switching becomes less plastic after early brain development (3) .
Finally, we detected a significant reduction in the hippocampal expression of Arc in the adult offspring from dams fed a diet high in saturated fat. Arc expression is rapidly increased in the hippocampus following high-frequency stimulation or BDNF exposure (61) and has been shown to be required for the maintenance of long-term potentiation and retention of spatial information (19) . Newly synthesized Arc mRNA is targeted to activated synapses at dendritic spines (29, 38) , a process that is NMDAR dependent (45) , and learning-induced expression of Arc is dramatically attenuated following NMDAR antagonism suggesting that these processes are tightly coupled and interdependent (13) . In fact, it has been suggested that Arc may serve as a "master regulator" of synaptic plasticity since it has been shown to mediate high-frequency-induced LTP, BDNFinduced LTP, as well as long-term depression (LTD) mediated by activation of metabotropic glutamate receptors (9) .
In conclusion, our results show that spatial learning acquisition, memory retrieval, and locomoter activity were differentially affected by developmental timing and duration of exposure to excess dietary saturated fats. The reductions in Arc, BDNF, NGF, synaptophysin, and the GluNR2B/GluNR2A subunit expression ratio observed in offspring from HF-fed dams are all, at least in part, associated with the pre-and perinatal diet. Our data also indicate that alterations in growth factor expression as well as pre-and postsynaptic mediators of cognitive function encompass a complex pattern of differential gene expression in the hippocampus following exposure to excess saturated fat during early brain development.
Perspectives and Significance
In the Westernized world, the abundance and accessibility of carbohydrate-dense foods rich in saturated fats has induced alterations of the feeding habits of people, resulting in obesity and its associated disorders. Converging lines of evidence from epidemiological studies and animal models support that the origins of obesity and related metabolic disorders lie not only in the interaction between genes and traditional adult risk factors, such as an unbalanced diet and physical inactivity, but also in the interplay between genes and the embryonic, fetal, and early postnatal environment. Our results show that spatial learning acquisition and memory retrieval were differentially affected by developmental timing and duration of exposure to excess dietary saturated fats during intrauterine and postnatal life. The reductions in Arc, BDNF, NGF, synaptophysin, and the GluNR2B/GluNR2A subunit expression ratio observed in offspring from HF-fed dams are all, at least in part, associated with the pre-and perinatal diet. Our data also indicate that alterations in growth factor expression as well as pre-and postsynaptic mediators of cognitive function encompass a complex pattern of differential gene expression in the hippocampus following exposure to excess saturated fat during early brain development. It is possible that the significant decrease in the expression of key genes mediating spatial learning acquisition and memory is associated with epigenetic changes. A more detailed understanding of the interaction of the key signaling molecules involved in the regulatory system controlling food intake and hormonal regulation has the potential to profoundly affect human health. The identification of mutations affecting key signaling molecules and their pathways in the brain provide targets for drug development; and directing therapeutic strategies toward activation or inhibition of candidate effector pathways could lead to successful treatment of obesity and alterations of behavior. For example, antidepressant drugs used to ameliorate the behavioral and cognitive alterations associated with pathophysiological states such as depression have been shown to oppose these disturbances by increasing the expression of synaptophysin and decreasing synaptotagmin in the hippocampus and could potentially be used in the treatment of diet-induced cognitive disturbances (36) . However, it is clear that reducing the incidence of obesity preconception and maintaining a balanced diet before and during pregnancy are key to decreasing a potentially hazardous neurotoxic environment to the developing nervous system (2). Our study shows that in the rat, deficits in spatial learning persist in adulthood, despite the transition from exposure to a high-fat intrauterine environment to control chow at weaning suggesting "fetal programming." From a human health perspective, there is potential for identifying children at risk for childhood adiposity and behavioral disturbances, which would allow intervention at an early age, including early lifestyle changes and behavioral modifications to prevent obesity. To explore the behavioral aberrations further, we intend to follow the observed differences in our current study with tests such as the forced swim test and elevated-plus maze analysis and to expand our investigation to include both sexes despite the added variability due to the estrus cycle. We also plan to study the transgenerational effects following in utero and postnatal exposure to high dietary fat in an effort to identify potential biomarkers that could offer the possibility of strategic intervention for prevention of obesity in future generations.
